This paper presents the results of measurement and analysis of optical radiation emitted by a free burning electric arc. The aim was to determine the application possibilities of optical spectrophotometry for detection of electric arcs. The research works considered electric arc generated with a constant voltage supply between two copper electrodes in the air, carried out under laboratory conditions. A high resolution optical spectrophotometer was used for registration of optical radiation. The analyses involved determination of two dimensionless descriptors obtained for the gathered spectra. Moreover, for each of the registered intensity distributions, the energy values were calculated for three frequency ranges. Based on the measured signals, the possibility of application of spectrophotometry for the optical radiation analysis was confirmed. The analysis indicated that the most energy of optical radiation is detected for the range of 200-780 nm, while above 780 nm almost no optical energy is emitted. Spectrophotometric studies performed in the UV-NIR range are of interest since one can obtain information about the structural defects (at lower wavebands) or impurities and/or point defects (at low energies bands). It was also stated that the obtained descriptors may be applied for diagnosis and identification of electric arc purposes.
Introduction
In general, an electric arc is a phenomenon occurring during the discharge of electricity. Apart from its useful technical applications in various branches of science and industry, it sometimes has a negative impact on systems or devices, as is the case of, for example, electric power equipment. Mostly, it occurs by contact elements of switching devices that operate under high voltage. Such devices are usually protected against the occurrence of electrical arcs. They are featured with various types of systems enabling limiting and extinguishing of an arc. However, an electric arc may occur at locations where damage or failure of insulating elements in electric power equipment exists. In such cases, appearance of an arc is often an undesirable effect. Beside the technical sources of electric arcs, such as structural or material defects, there are also failures resulting from human error.
Hence, modern electric arc safety systems have been developed and implemented with the aim of detecting an electric arc occurrence and protecting the device by switching it off as quickly as possible. These systems, among others, are based on detectors of light emitted by the arc, which is one of the criteria necessary for the system to be activated. The device monitors light intensity in the protected area and when its limit is exceeded, the safety system is activated. The conducted research aiming at the improvement of practical applications of an electric arc is greatly focused on welding technology and contact systems of electric devices [1] [2] [3] . In [4] the authors present selected phenomena in the melt arc. They discuss theoretical thermal models of an electric arc and methods of estimating voltage drops on switchgear contacts. Furthermore, mathematical and physical models of contacts erosion were also presented. Other works consider numerical analysis and simulation of electric arc presented, for example, in [5] [6] [7] [8] .
Spectrophotometric studies performed in the UV-NIR range are of interest since one can obtain information about the structural defects (at lower wavebands) or impurities and/or point defects (at low energies bands) [9] . The aim of research works, the results of which are presented in this paper, was to determine the application possibilities of optical spectrophotometry for detection of an electric arc and to analyze the measured optical spectra within the range from 200 to 110 nm by supplying various voltage levels. For this purpose, a spectrophotometer of high optical resolution was used. Nowadays, the optical spectrophotometry method is frequently used for the electric arc analysis. For example, in [10, 11] , this method was used for determining the temperature of an electric arc burning in a slot between contacts of electric devices. In [12, 13] , optical spectrophotometry was chosen for analysis of optical spectra emitted by partial discharge in the air and oil insulation. In [14, 15] , a spectrophotometer was applied for detection and analysis of surface discharges occurring on bushing and support insulator models under laboratory conditions. The spectroscopy method was also applied for studies of plasma [16] [17] [18] .
The main contribution of this paper is in (1) presentation and discussion of the measured optical spectra that was emitted by a free burning electric arc generated by various voltage values, (2) indication of the dominant wavelength contained in the measured signals, (3) calculation of two dimensionless factors: peak and shape coefficients, which may be used for diagnosis purposes, and (4) calculation of the energy content in three spectral ranges of the electromagnetic radiation: ultraviolet (UV), visible light (VIS), and near infrared (NIR).
Materials and Methods
The research was conducted on a prototype measurement circuit composed of two copper electrodes arranged into V shape, which is commonly known as "Jacob's ladder." The circuit was supplied with various voltage values within the range of 1.5-1.9 kV and was used for generation of a free burning electric arc, initiated manually. The measurements of the free burning electric arc were carried out in the atmospheric air. A general diagram of the experimental circuit is depicted in Figure 1 . A picture of the measuring system showing elements of the experimental setup is presented in Figure 2 The radiation emitted by an electric arc was recorded using a high resolution optical spectrophotometer type HR4000 [19] . The device enables registration of optical signals in the range of UV-VIS-NIR. The spectrophotometer is equipped with a charge coupled device that allows for detection of 3648 components with dimension 8 × 200 m each. An example snapshot is presented in Figure 3 , depicting an electric arc and assembly method of the optical fibre. The acceptance angle of the optical sensor is also marked.
The measurement procedure of a spectrophotometer consists of counting the photons within a fixed time period , provided that, at a single count, various number of photons is considered. The manufacturer of HR4000 provides the following information: (1) at 400 nm, the single intensity count corresponds to 130 photons detected; (2) at 600 nm, the single intensity count corresponds to 60 photons detected.
As measurement result, the device delivers a number of intensity counts for particular wavelengths and assigns it as intensity. The HR4000 device has an optical resolution at the level of 0.03 nm for the half-value width and operates in the spectral range from 200 to 1100 nm with the possibility of changing the spectral range and optical resolution depending on the selected grid and the input slot (aperture).
Programming the time period in the range from 10 s to 65 s makes it possible to take measurements of short-and longduration events and phenomena. In the considered research works, all measurements were performed by constant time period equal to 1 s. The device can be operated with the use of a dedicated computer software in real time. A universal connector SMA905 enables plugging various types of optical fibres, diffusers, or measuring probes. In this research, an optical signal was transmitted to the spectrophotometer using the polymer optical fibre of diameter 600 m and spectral range of 200-1100 nm. This type of fibre is characterized by attenuation equal to 150 dB/km, which results in a decrease of the signal power, without affecting its shape. With regard to relatively short length of the applied fibre (2 m), the impact of light attenuation in the fibre core has not been analyzed.
Spectral Analysis of the Obtained Measurement Results
Several registrations were performed for each voltage level from 1500 to 1900 V. The measured signals revealed a repeatable form of spectral distributions. The values of characteristic and dominant wavelength components, corresponding to local peaks of increased intensity, were characterized by a constant repeatability. Thus, arithmetic mean was calculated for each measurement trial. Figure 4 presents the averaged intensities, registered in the UV-VIS-NIR range, for considered voltage levels. The averaged spectral distributions were subjected for further detailed analysis. In general, it should be observed that the highest intensity of radiation includes UV range of 200-380 nm and VIS range of 380-780 nm, whereas the part of NIR range of 780-1100 nm is characterized by low radiation intensity. In Figures 5-7 , the calculated mean spectrum distribution is depicted separately for the UV, VIS, and NIR range, respectively, for selected voltage value of arc generation. In Figures 5-7 , the dominant wavelengths are marked.
Based on the analysis of spectral distributions, presented in Figures 5-7 , the components of individual wavelengths of highest intensity (dominant) within the considered ranges were selected and presented in Table 1 . The criterion for determining the dominant components for UV and VIS ranges included the intensity of their occurrence, which was characterized by the number of counts exceeding 2000. With regard to a relatively low contribution of the radiation within NIR range, which was less than 600 in the whole range, the wavelengths with the greatest number of counts were adopted as characteristic components.
Descriptors Characterizing the Considered Phenomenon
In order to indicate and analyze significant differences in the gathered spectra, two dimensionless descriptors were calculated. They can provide unique comparative criteria while identifying the occurrence of the electric arc: (a) the peak factor (1), which expresses the ratio of the maximum value to the root-mean-square value of the spectrum, and (b) the shape factor (2) calculated as the ratio of root-meansquare value to mean value of the considered spectrum [19] . The factors and were calculated separately for the UV-VIS-NIR ranges of emitted radiation and are presented in Table 2 .
where MAX is maximal value of optical spectrum intensity [-] and RMS is root-mean-square value [-] , calculated according to dependence (3). where AVG is mean value [-] , calculated according to dependence (4) . 
For better analysis, Figure 8 presents the coefficients from Table 2 and also the mean is depicted as a solid line. It is to recognize that there is no significant dependency of voltage value on the and coefficients. The averaged values of both coefficients are the highest for the UV range. The peak factors for the UV and VIS ranges are very similar, while the lowest value was calculated for the NIR range. The shape factor for VIS and NIR is very similar and significantly lower as compared to the UV range. 
Shape factor K (-) Figure 8 : Shape and peak factors calculated over registered spectra at the considered ranges.
Calculation of Energy Content in the Registered Signals
The electromagnetic radiation frequency was determined using the following dependency:
where V is phase velocity, velocity of light 3 ⋅ 10 8 [m/s], is wavelength [m], registered by spectrophotometer, and is electromagnetic radiation frequency [Hz].
The energy for single radiated photon is defined by [20] =
where ℎ is Planck constant 6.6 ⋅ 10 −34 [Js] . According to dependency (6), radiation energy is closely linked to the wavelength and its phase vibration frequency. Radiation energy increases along with the increase of wave frequency.
As mentioned in Section 2, the device given intensity is calculated as a number of photons registered at a particular wavelength. The authors of this study consider three ranges of electromagnetic radiation, but the producer defines the number of photons, considered as a single intensity count, only for two ranges: for the UV ( = 130 at 400 nm) and upper VIS ( = 60 at 600 nm). Thus, for the purpose of further calculations, the following has been assumed: (1) the number of photons detected in the UV range equals UV = 130, (2) the number of photons detected in the VIS range equals VIS = 95, and (3) the number of photons detected in the NIR range equals NIR = 60. The value VIS = 95 is an average for 130 and 60.
Taking the above into consideration, the energy value at a given range was calculated as a sum of products of Planck constant, number of activated photons, and frequency, which corresponds to the wavelength. The mathematical expression of radiation energies UV , VIS , and NIR is given by
where UV , VIS , and NIR are radiation energy in the UV, VIS, and NIR range, respectively [J], 1 is frequency at which the considered range begins [Hz], 2 is frequency at which the considered range ends [Hz] , and UV = 130, VIS = 95, and NIR = 60 are number of photons in the UV, VIS, and NIR range, respectively.
Afterwards, the total radiation energy for the whole analyzed electromagnetic radiation spectrum was determined according to [21] = UV + VIS + NIR .
Based on the total radiation energy the approximate percentage contribution of individual energies was estimated as % . Table 3 presents the calculated energy values for the considered ranges.
For better analysis, the radiation energy values were depicted graphically in Figure 9 , presenting also the result of linear regression. One may recognize a significant dependency of voltage value on the radiation energy contained in the VIS and UV ranges and that the energy contained in the NIR range is the lowest, although it also increases according to the rising voltage value.
The percentage contribution of total energy % for the UV, VIS, and NIR ranges remains stable with a slight decrease of VIS for the benefit of the increase of UV at higher voltage values. A considerable voltage independent low energy concentration occurs within the NIR range. The radiation of UV has the highest energy regardless of supply voltage value.
Conclusions and Summary
During the research, the application possibility of optical spectrophotometry for detection and analysis of free burning electric arc phenomenon, generated by various voltage values in the air, was confirmed. For several measurements, performed under the same laboratory conditions, the radiation spectra ranging from 200 nm to 1100 nm were obtained. Based on the performed analyses of the registered optical radiation spectra, the following can be stated: (ii) The obtained coefficients, peak and shape factors, may be applied as potential benchmarks for the identification of electric arc purposes regardless of voltage value, and it may be crucial for diagnosis of electrical apparatus.
(iii) The most radiation energy is detected in the UV and VIS ranges, while it is slightly lower for the VIS range, regardless of the voltage value. On average only 2.32% of the total energy is detected within the NIR range.
In the whole analyzed optical spectrum, the estimated energy values increase according to the rising supply voltage value but the most significant increase was recognized for the UV range It is to mention that the presented experimental results constitute the very first stage of research aimed at developing a database of various descriptors, comprising unique criteria for identification and characterization of electrical discharges including free burning arcs in the air. Such a database, which includes a series of the so-called "finger prints", each corresponding to various defects of the electrical apparatus, may be used in expert systems for diagnostic purposes. The obtained results have potential to be applied to increase the accuracy and efficiency of diagnostic systems used for evaluation of the technical condition of electrical circuits such as an electric arc safety device.
The presented method of spectral analysis of optical signals emitted by an electric arc may, at the subsequent stage of the research, be applied for various types of materials and designs of electrodes, commonly used in electrical engineering. It is also planned to determine the impact of additional factors, such as atmospheric conditions or insulator type on the obtained results. Such research study will make it possible to select the most effective method for measurement and analysis of electrical discharges for the purpose of diagnostics of electric power systems.
